Abstract. Coatings of plasma electrolytic oxidation (PEO) can be colored during its oxide growth through electrophoretic deposition, with an electrolyte containing dye emulsion or pigment colloid. We perform the coloration in two steps; growing a white barrier layer first, then depositing the colorful layer. Despite the strong similarities in processing, addition of dye or pigment results in different effects on the electrolytic system. The dye emulsion increases the system impedance and reduces the positive current. Conversely, the pigment plus surfactant increase the positive current, since the negatively charged pigment particles enhances the electrolyte conductivity. Often the enhancement effect is so large that we have to operate PEO in the constant current mode.
Introduction
In recent years, plasma electrolytic oxidation (PEO), also known as micro arc oxidation, has gained tremendous research attention on surface finishing of the lightweight metals, especially aluminum and magnesium alloys. The resulting ceramic coating gives the metal surface unique protection of wear and corrosion resistance. Nonetheless, if coloration of the PEO film is desired, black is perhaps the only color available to the practitioners. Given the technical maturity of coloring the anodized aluminum and its similarity with PEO, one may assume the PEO coloration technique would be a spontaneous replication of coloring the anodized film. Nevertheless the researchers, working in this subject, quickly find out the PEO coatings require a different approach because PEO coatings and anodized films are very different in microstructure [1] [2] [3] .
It is a well-known feature of anodized aluminum that its pore diameter and length can be precisely controlled, highly aligned, sealed at one end and open at the other. Stuffing these organized pores with pigment or dye, following by sealing with metal salt, provides a long-lasting color to the anodized aluminum surface. On the other hand, the PEO coating is featured with shallow crater-like pores, generated by those micro electric arcs, which have been the icon of PEO technology. Due to the random nature of the electric breakdown events, the pores vary considerably in size and number in a typical PEO coating. Thus, imitation of the impregnation approach often ends up with an uneven color.
A different approach of coloring PEO coating is to grow the oxide while supplying a coloring agent simultaneously. The coloring agent, thus, is buried with the oxide growth. In this article, we compare the similarities and differences of PEO coloration in the electrolyte containing dye or pigment. Regardless the coloring agent is organic or inorganic, the coating operation has been performed in two stages, first in the electrolyte without color, second in the electrolyte with color. Yet the impacts are significantly different when the coloring agent is a microemulsion of organic dye [4] or a colloidal pigment suspension. Details of comparison shall be given in presentation. Figure 1 presents the particle size distributions (PSD) measured with dynamic light scattering technique. There is significant stability difference between dye emulsion and green Cr 2 O 3 pigment. PSD of the blue emulsion, plotted in Figure 1a , shows tremendous stability, shifting from 53 nm to 210 nm in three weeks. The gradual increase of average emulsion size is attributed to coalescence in collision. The colloid stability of Cr 2 O 3 pigment is comparatively difficult. Figure 1b compares the size distributions of two Cr 2 O 3 sources. The green pigment from Bayer Chemicals has larger grain size, 351 nm in average particle size. The green pigment synthesized by ourselves has smaller grain, 69 nm in average particle size. Both green pigments are dispersed with 8 wt.% Darvan G-N, produced by Vanderbilt Minerals. There is significant amount of precipitates at the bottom of the electrolyte after ageing for 12 h. Therefore, we generally perform PEO using the green pigment electrolyte within 3 h after preparation. Two steps are involved in the PEO surface finishing with color, as illustrated in Figure 2 . The first step is to oxidize the 6061 aluminum alloy surface in an electrolyte containing 4 g dm -3 sodium aluminate (NaAlO 2 ) and 1 g dm -3 caustic soda (NaOH). The pH value of electrolyte is 11.7, and conductivity 9.0 mS cm -1 . Constant voltage mode of 400V(+)/100V(-) is applied to result in a gamma alumina of ∼1.2 µm thick. The second step has been carried out in the electrolyte containing either a dye emulsion or a pigment colloid. The barrier layer lays the foundation for a uniform colored coating. In the second step, both electrolytes of dye emulsion and pigment are formulated such that the dye droplets or the pigment particles are negatively charged. During the positive polarization, migration of negatively charged particles brings the coloring agent into the neighborhood of aluminum working electrode, and finds its way into the growing oxide layer. If we apply the bipolar pulsed current in a constant voltage mode, as illustrated in Figure 3a , the colored coating growth affects the system impedance differently, depending on whether the electrolyte is filled with dye emulsion or pigment suspension. Figure 3b contrasts two plots of positive current versus time, with and without the dye emulsion. In first five minutes (300 s) of the first step, the positive current decreases exponentially, from ∼9.0 A to 0.4 A, without the presence of microemulsion. After microemulsion addition at 5 min, the positive current descends further from 0.4 A to 0.2 A. Since the positive current is too low, we raise 10 V in positive voltage every minute for a ten-minute period. Thus, the positive voltage increases from 400 V to 500 V after 10 min. Figure 3b indicates the current increases then drops whenever the voltage is raised. And the current overall increment is less in presence of emulsion. Evidently, the dye inclusion and the emulsion presence enhance the system impedance. In contrast, the same 400V(+)/100V(-) pulsed current bring forth the reverse effect in the electrolyte of Cr 2 O 3 colloid. At the end of the first step, addition of Cr 2 O 3 colloid raises the positive current to near 10 A. Since the positive current explodes, we hold the positive voltage at 400V until the end of the second step. We conclude that the Cr 2 O 3 coating does increase the system impedance, but it occurs after an initial current surge. The current surge appears to originate from extra charges of the surfactant additive, intended as the dispersing agent for pigment. (b) The I-V profiles of the first step (300 s) and the second step (300 -1800 s) during PEO with and without dye emulsion, noting that the positive voltage is raised step by step in the step until reaching 500 V. (c) The I-V profiles of the first step and the second step during PEO with Cr 2 O 3 green pigment, noting that the positive current soars after pigment addition then decrease. The dispersant content is 5 wt%.
Results and Discussion
Intriguingly, coloration with dye or pigment also provides dissimilar microstructure to the PEO coating. Figure 4 contrasts the dye-colored PEO layer with the Cr 2 O 3 pigment PEO layer. The dye-colored PEO layer is 5.7 µm thick, somewhat thicker than the barrier layer 1.2 µm, Figure 4a . The PEO time of the second step is 25 min Dye color is uniformly distributed in the entire PEO layer except the barrier layer. On the other hand, the PEO time of the pigment coloration is 40 min. The PEO coating is much thicker, ∼50 µm. Figure 4b is an image of backscattered electron, showing the top layer of 2-5 µm is a chromia rich layer and the underlying layer is a alumina layer. Hence, the PEO coating of green pigment color is confined on the top structure. The lower structure of PEO is a white aluminum oxide, no different from the ordinary PEO coating without pigment. Apparently, the lower structure is not grown in the first stage, it has been grown in the second stage. In other words, the thick layer grown in the second stage involves deposition of both Al 2 O 3 and Cr 2 O 3 . Generally, the Al 2 O 3 grows more than the Cr 2 O 3 pigment in the constant current mode. 
Summary
We have experienced interesting and sometimes opposite results as searching for an optimal approach to color the PEO coating on aluminum alloy with dyes and pigments. We have found a white barrier layer is beneficial to the color uniformity, regardless using dye or pigment. In the second step of coloration, addition of a dye emulsion reduces the positive current, hence, raising voltage is necessary to bring the oxidative current to a reasonable level. We attribute the impedance increase to the inclusion of insulating dye in PEO coating. On the other hand, addition of a pigment suspension augments the positive current, because the dispersing agent adsorbed on the pigment particles renders a large amount of extra charges to growth of the PEO layer. The dispersing agent is mandatory for most pigment containing electrolyte, since the pigment particles tend to precipitate out the electrolyte if no dispersing agent exists. Consequently, the PEO layer grows fast in the electrolyte with pigment, but slowly in the electrolyte with dye emulsion.
